In the chick embryo, facial motor neurons comprise branchiomotor and visceral motor subpopulations, which innervate branchial muscles and parasympathetic ganglia, respectively. Although facial motor neurons are known to develop within hindbrain rhombomere 4 (r4) and r5, the precise origins of branchiomotor and visceral motor neuron subpopulations are unclear. We investigated the organization and axon pathfinding of these motor neurons using axonal tracing and rhombomere transplantation in quail-chick chimeras. Our results show that a large majority of branchiomotor neurons originate in r4 but that a cohort of these neurons undergoes a caudal migration from r4 into r5. By contrast, visceral motor neurons develop exclusively in r5. We found that a striking property of facial visceral motor neurons is the ability of their axons to navigate back to appropriate ganglionic targets in the periphery after heterotopic transplantation. These results complement previous studies in which heterotopic facial branchiomotor neurons sent axons to their correct, branchial arch, target. By contrast, when trigeminal branchiomotor neurons were transplanted heterotopically, we found that they were unable to pathfind correctly, and instead projected to an inappropriate target region. Thus, facial and trigeminal motor neuron populations have different axon pathfinding characteristics.
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Cranial motor neurons innervate a variety of muscles and ganglia in the vertebrate head. Within the embryonic chick hindbrain, trigeminal motor neurons occupy rhombomere 2 (r2) and r3, whereas facial motor neurons occupy r4 and r5 (Lumsden and Keynes, 1989; Lumsden 1990) . Trigeminal neurons are of branchiomotor (BM) type and project via a dorsal exit point in r2 to first branchial arch muscles. Facial motor neurons comprise branchiomotor and visceral motor (VM) neuronal subpopulations, which project via a dorsal r4 exit point to second branchial arch muscles and parasympathetic ganglia, respectively ( Fig. 1 A) . The question thus arises of whether facial BM and VM neuronal subpopulations are distributed throughout r4 and r5 or are contained within single rhombomeres.
In the rodent embryo, BM and VM neurons occupy r4 and r5, respectively (Fritzsch and Nichols, 1993; Auclair et al., 1996; Studer et al., 1996; McKay et al., 1997) . The majority of r4 BM neurons migrate caudally, giving rise to the genu of the facial nerve, whereas VM neurons migrate laterally within r5 (Auclair et al., 1996; McKay et al., 1997) . In the chick embryo the facial nerve lacks a distinctive genu, and facial motor neurons translocate their cell bodies laterally (Simon et al., 1994) . Nevertheless, this does not eliminate the possibility that some BM neurons might also migrate caudally.
BM and VM axons from particular axial levels actively pathfind to target regions that are populated by neural crest cells derived from the same axial level (Lumsden et al., 1991) . This topographic correspondence might depend on a system of receptors and ligands on motor axons and branchial arch mesenchyme cells that is governed by the matched expression of repertoires of Hox genes (Lumsden and Keynes, 1989; Hunt et al., 1991) . If such a system operates, then motor neurons transplanted to ectopic positions might be able to pathfind back to appropriate targets. However, studies in which the rostrocaudal polarity of r3 was reversed showed that a proportion of trigeminal motor neurons projected via the inappropriate exit point in r4 into the second branchial arch, an inappropriate target (Warrilow and Guthrie, 1999) . In contrast, r4 facial motor neurons transplanted to r2 position rerouted their axons to navigate back to the second branchial arch (Bell et al., 1999) . It is not clear whether these data highlight a general difference in the behavior of trigeminal and facial motor neurons or in the behavior of motor neurons that reside in odd-and evennumbered rhombomeres.
We have investigated the distribution of facial BM and VM neurons in chick embryos, by axon tracing, and by testing the repertoire of axon projections derived from r4 and r5 when these were transplanted orthopically in quail-chick chimeras. Orthotopic r4 transplants were also used to examine whether BM neurons migrate caudally from r4 into r5. Heterotopic rhombomere transplants were then used to discover whether graft-derived BM or VM axons navigated to appropriate or inappropriate targets in the periphery.
MATERIALS AND METHODS
Retrograde labeling. Rhode Island Red hens' eggs were incubated at 38°C to stage 20 -28 (Hamburger and Hamilton, 1951) . After removal of membranes, embryos were pinned ventral side up in a Sylgard-coated dish containing Ringer's solution. Surrounding mesenchyme was removed from the facial nerve and its branches, nerves were transected, and fluorescein and /or rhodamine dextrans (Molecular Probes, Eugene, OR) were applied for retrograde axonal tracing as previously described (Varela-Echavarría et al., 1996) . After overnight fixation in 3.5% paraformaldehyde (PFA), hindbrains were flat-mounted and viewed under a confocal microscope (Bio-Rad, Hercules, CA; MRC -600).
Retrograde labeling of the hyoid nerve in stage 25 embryos with an r4 orthotopic graft was performed in a few cases, to track the migration pattern of BM neurons in this rhombomere. These embryos were fixed in Dent's fixative (1:4 DMSO -methanol) before immunofluorescence using QC PN antibody (which recognizes a quail-specific perinuclear antigen; Developmental Hybridoma Bank, Iowa C ity, IA).
Microsurger y. Stage 10 -12 embryos were used in stage-matched quailto-chick orthotopic and heterotopic grafting experiments. Operations were performed as previously described (Guthrie and L umsden, 1992) . Briefly, pieces of hindbrain neuroepithelium corresponding to whole rhombomeres or basal plate portions of r2, r3, r4, or r5 were excised from host embryos, using tungsten needles (Fig. 1 B-G) . Host neuroepithelium was replaced by orthotopic or heterotopic quail rhombomere grafts as shown (Fig. 1 B-G) . After surgery, eggs were sealed with tape and returned to the incubator. Surviving chimeras were harvested at stage 25-30, and the heads were removed and fixed overnight in either 3.5% PFA, before vibratomesectioning and immunohistochemistry, or in Dent's fixative for wholemount immunohistochemistry.
Immunohistochemistr y. Fixed embryonic tissues for whole-mount immunostaining were washed extensively in 1% Triton X-100 (T x; Sigma, Poole, UK) in PBS, and endogenous peroxidases were inactivated using 0.1% hydrogen peroxide solution, before a blocking step in 10% sheep serum and 0.1% T x-PBS for 2 d at 4°C; all subsequent steps were done at this temperature. Embryos were then incubated in a 1:4 dilution of both the quail-specific antibodies QC PN and QN (which recognizes a quail axon antigen; a generous gift of Dr. H. Tanaka; Tanaka et al., 1990) in 1% sheep serum and 0.1% T x-PBS for 3 d. After f urther extensive washing in 0.1% T x-PBS, embryos were incubated in a peroxidase-conjugated secondary antibody (goat anti-mouse; Jackson ImmunoResearch, West Grove, PA) diluted at 1:100 in the same solution for 3 d. Embryos were washed extensively in PBS, followed by 0.1 M Tris buffer, pH 7.2, and the reaction product was developed using diaminobenzidine (DAB; Sigma) at 0.5 mg /ml in the same buffer. Before photography, embryos were cleared in benzylalcohol -benzylbenzoate (50:50) as previously described (Maina et al., 1997) . Other embryos were inf used with gelatin, vibratome-sectioned, and processed for QC PN -QN immunohistochemistry as described previously (Warrilow and Guthrie, 1999) . A few embryos with an r4 orthotopic graft had been retrogradely labeled before immunohistochemistry. The fixed hindbrains of these embryos were immunostained as whole-mounts using QC PN antibodies, and staining was visualized using fluorescently conjugated secondary antibodies (Warrilow and Guthrie, 1999) . The whole-mount immunostaining procedure described above was followed, except that the hydrogen peroxide blocking and DAB development steps were omitted, and a C y3-conjugated goat anti-mouse secondary antibody (Jackson ImmunoResearch) was used in place of the peroxidaseconjugated secondary antibody. These hindbrains were vibratome-sectioned in the parasagittal plane, mounted in 90% glycerol-PBS, and viewed under a confocal microscope.
RESULTS

Anatomy of the facial nerve in the chick
In the chick, motor neurons that project into the facial nerve develop in r4 and r5 (Fig. 1 A) and comprise BM and VM classes (Lumsden and Keynes, 1989) . Axons of r5 motor neurons project dorsally and rostrally to the exit point in r4 where they are joined by axons of r4 motor neurons. On leaving the hindbrain, axons of both groups project along the same pathway to their intermediate target, the geniculate ganglion, where the BM and VM components segregate into two major pathways. BM axons turn caudally to form the hyoid nerve, which innervates the second branchial arch musculature, whereas VM axons turn rostrally within the palatine nerve, which also contains sensory axons originating from the geniculate ganglion. The palatine nerve supplies parasympathetic preganglionic innervation to the sphenopalatine and ethmoidal ganglia, which are positioned adjacent to the maxillary division of the trigeminal nerve and retro-orbitally, respectively. Some VM axons also grow out via the smaller, chorda tympani branch of the facial nerve (see Fig. 3A ).
Retrograde labeling reveals that BM neurons are present in r4 and r5, whereas VM neurons are restricted to r5
The development of motor neurons in r4 and r5 in the chick was investigated using fluorescein-or rhodamine-dextran as a retrograde tracer (Glover et al., 1986) . Dextran was applied either to the hyoid nerve (BM), and/or to the palatine nerve (VM) after nerve transection, to identify BM and VM neuronal groups within the hindbrain (Fig. 2) . We were able to label neurons via the hyoid nerve (Fig. 2 L) from stage 20 onward, consistent with previous studies (Simon et al., 1994) . Rhombomere boundaries were clearly recognizable up to stage 25, allowing the unambiguous allocation of BM neurons to either r4 or r5.
From stage 20 -22, BM neurons projecting via the hyoid nerve were located exclusively in r4 (Fig. 2 A; data not shown), whereas from stage 23 to 27, there was a progressive increase in the number of facial BM neurons located in r5 (Fig. 2 A,B,E,F,H,I ). At stage 23 these neurons appeared confined to rostral r5 (Fig. 2 B) , but at later stages they were observed throughout the rostrocaudal extent of r5. Quantitation of the number of BM neurons in r5 was possible at stage 23 and 24, owing to the ease of counting individual labeled neurons with minimal overlap of adjacent cells and clear boundary demarcation. An approximately fourfold increase in the number of labeled BM neurons in r5 was observed between stages 23 and 24 (Fig. 2 M) . No BM neurons labeled via the hyoid nerve were present caudal to r5. Most of the labeled BM neurons in r5 were located laterally and did not form a genu. These experiments reveal that facial BM neurons are initially restricted to r4, but are later detected in r5. At earlier stages, BM neuron cell bodies showed considerable mediolateral spread within r4, whereas at later stages they were restricted to more lateral domains (Fig. 2 I) .
To determine the distribution of facial VM neurons, we retrogradely labeled motor neurons projecting into the palatine nerve, which was possible from stage 25 onward (Fig. 2C ,G,J,N ). At stage 25, VM neurons were confined to r5 in a lateral position (Fig. 2C ). This tight clustering of VM cell bodies within r5 was maintained at later stages when rhombomere boundaries had disappeared (Fig.  2 J) . Thus, from stage 25 onward, r5 contains both facial BM and VM neurons, a spatial overlap that could be demonstrated by double labeling of the hyoid and palatine divisions of the facial nerve at stages 25 and 27 ( Fig. 2 D ,K,O) . These results show that from the time when they can first be labeled selectively, BM and VM neurons are confined to r4 and r5, respectively, but that eventually r5 contains both BM and VM subpopulations.
Facial BM neurons develop in r4 and r5, whereas VM neurons develop exclusively in r5
To investigate the rhombomere origin of facial BM and VM neurons, orthotopic transplants of r4 or r5 were performed at stages 10 -12 using the quail-chick chimera system (Figs. 1 B, C, 3) . By this developmental stage certain key aspects of rhombomere identity have already been established, including Hox gene expression patterns and some aspects of cranial motor neuron phenotype Kuratani and Eichele, 1993; Simon et al., 1995) . After such transplants, we used the distinctive peripheral axonal projections of facial BM and VM neurons as phenotypic markers, because there are no distinguishing molecular markers (Varela-Echavarría et al., 1996) .
In 100% of chimeras containing an orthotopic r4 graft, we observed the projection of quail-derived axons along exclusively the hyoid pathway (n ϭ 16; Fig. 3B ,C; Table 1 ). Quail axons filled the hyoid pathway, which was morphologically indistinguishable from that in control embryos (Fig. 3A) , curving caudally from the geniculate ganglion to innervate the second branchial arch (summarized in Fig. 5E ). For orthotopic r5 transplants, analysis was initially done at stage 23-24 (n ϭ 6; data not shown), but no quail-derived axons were observed in the periphery. This is likely to be attributable to the late formation of facial VM projections along the palatine nerve relative to BM projections (see above). We therefore confined all subsequent analyses to chimeras of stage 25 or older. In all operated embryos at stage 25-30, a quail-derived abducens nerve was detected (22 of 22 of r5 grafts; Table 1 ). The abducens nucleus lies within r5 and 6 in the chick embryo and is formed by somatic motor (SM) neurons that project ventrally (Fig. 1 A; Lumsden and Keynes, 1989 ). In our experiments, the abducens served as a robust marker of the r5 phenotype, independent of the presence of additional dorsal axon pathways of the facial nerve.
After orthotopic transplantation of r5, 95% of embryos contained quail axons within the palatine nerve (n ϭ 21 of 22; Fig.  3D -G; Table 1 ). In 4 of 22 chimeras, only a quail-derived palatine nerve was present, whereas in a further 17 of 22 cases, both a palatine and a hyoid projection were present. In just one chimera, dorsal projections of quail-derived axons grew via the hyoid nerve exclusively. The pattern of quail palatine projections was normal, extending rostrally past the first branchial arch and then over the palate to its target, the sphenopalatine ganglion. By contrast, in these embryos, r5 quail neurons formed only sparse projections within the hyoid nerve, and often failed to reach the branchial arch muscle plate (Fig. 3F, Table 1 ). The motor axon pathways resulting from these orthotopic grafts are summarized in Figure 5 , E and F.
Although we could not precisely quantify the number of QN ϩ axons in the different pathways, these observations imply that the majority of dorsally projecting motor neurons in r5 follow VM rather than BM axon pathways. Taken together, the results of these orthotopic grafts show that r4 and r5 both generate facial BM neurons, but that the majority originate in r4. By contrast, facial VM neurons develop exclusively in r5.
A subpopulation of facial BM neurons that originate in r4 migrates into r5
Between stages 23 and 25, our retrograde labeling studies show that there is a dramatic increase in the number of facial BM neurons within r5. This period corresponds to the onset of rhombomere boundary disappearance, and is in line with previous observations that inter-rhombomeric cell mixing occurs among differentiated neurons of the mantle zone at these stages (Hemond and Glover, 1993; Wingate and Lumsden, 1996) . Therefore, in addition to the intrinsic generation of BM neurons within r5, a caudal migration of BM neurons from r4 might account for the presence of BM neurons in r5 from stage 23 onward (see above).
To determine whether facial BM neurons migrate from r4 to r5, we examined some chimeras containing orthotopic r4 grafts for evidence of neuronal migration from r4 to r5 (n ϭ 3). These embryos were analyzed at stage 26 -27 by dextran labeling the hyoid nerve, and the hindbrains were immunostained using QCPN antibodies to detect quail cells, before vibratome sectioning ( Scoring for the palatine pathway: ϩ indicates the nerve has not extended to the level of the maxilla; ϩϩ indicates the nerve has extended to at least the axial level of the maxilla. Scoring for the hyoid pathway: ϩ indicates the nerve has not extended distal to the first branchial cleft; ϩϩ indicates the nerve has grown beyond the first branchial cleft into the second branchial arch. Scoring for the mandibular pathway: ϩ indicates sparse projections into the first branchial arch, at the limit of detectability; ϩϩ indicates prominent projection to the first branchial arch. 4). Quail-derived, dextran-labeled facial BM neurons (arrowheads) were observed in r5 as well as in r4, suggesting that facial BM neurons in r4 indeed migrate caudally into r5 (Fig. 4 B,C) . Some dextran-labeled BM neurons in r5 were not QCPN-positive, implying that they were derived from the chick host, and consistent with the generation of BM neurons in r5 demonstrated earlier. Some QCPN-positive cells in r5 were not labeled with dextrans, and probably represent other cell or neuronal types with a similar migration pattern. Thus, avian embryos display cell migrations from r4 into r5, and a proportion of these cells are facial BM neurons.
Temporal differences in the formation of BM and VM pathways
Our retrograde labeling and grafting studies also gave information about the timing of BM and VM peripheral axon outgrowth. Orthotopic r4 transplants revealed that axonal projections to the second branchial arch are well established by stage 25 (n ϭ 4 chimeras; Fig. 3C ), the earliest stage examined. These observations are in keeping with earlier reports that showed the formation of hyoid projections to the second branchial arch as early as stage 21 (Simon et al., 1994) . By contrast, outgrowth of r5-derived BM neurons was relatively delayed, so that only partial outgrowth along the hyoid nerve was observed at the equivalent stage (n ϭ 2 chimeras at stage 25; Fig. 3G ). Analysis of the two r5 chimeras fixed at stage 25 shed light on the timing of outgrowth of BM and VM pathways from r5. In one of these chimeras only an incompletely developed hyoid pathway was present. In the other, a more extensive hyoid projection was present, and in addition, a contingent of QN-positive axons projected only a short distance along the palatine nerve, just beyond its origin from the geniculate ganglion (Fig.  3G) . Therefore, projection of VM fibers beyond the geniculate ganglion occurs within the narrow time window of a single developmental stage, consistent with our retrograde labeling study (see above). Embryos analyzed at stage 26 -31 all contained a quail palatine nerve. These findings suggest that our failure to observe a palatine pathway in one (stage 25) chimera is attributable to the fact that this nerve had not yet formed at the stage of analysis. Therefore, r4 BM neurons constitute the first subpopulation of facial motor neurons to project to their peripheral target. Next, the smaller r5-derived contingent of BM neurons sends its axons along legend. E-J, Motor pathways that result from orthotopic (E, F ) and heterotopic ( G-J) quail to chick grafts. E, r4 orthotopic grafts: quail axons grow into the second branchial arch. 1 and 2 point out first and second branchial arches. F, r5 orthotopic grafts: quail axons grow into the palatine branch and into the second branchial arch. G, H, r5 to r3 grafts (G, whole rhombomere; H, basal plate graft only): quail axons that exit via the r2 dorsal exit point reroute to join the facial nerve pathway at the geniculate ganglion. Other quail axons exit the hindbrain via the exit point in r4. Axons are distributed in the palatine and hyoid nerves en route to the correct targets. For clarity, axons that traverse the trigeminal nerve in a small minority of chimeras have been omitted. I, r3 to r5 grafts: axons project to an incorrect target, the second branchial arch. J, r2 (basal plate) to r4 grafts: axons project to an incorrect target, the second branchial arch. For abbreviations, see Figure 2 legend. the same pathway. Finally, VM neurons project rostrally to form the palatine nerve (summarized in Fig. 5 ).
Ectopic motor neurons with distinct segmental origins display different specificity in their axon pathfinding
To test the specificity of axon pathfinding of motor neurons with distinct segmental origins, heterotopic rhombomere transpositions were performed, and chimeras were analyzed as before, at stages 25-30 (Figs. 1 D-G, 6 , Table 1 ). When r5 was transposed to r3 position, quail-derived axons projected along several distinct pathways (n ϭ 6; Figs. 1 D, 5G, Table 1 ). The most striking observation was that in some cases an ectopic longitudinal QN-positive nerve bundle exited the hindbrain via the r2 exit point before turning caudally and projecting to the geniculate ganglion. This tract is likely to be composed of facial motor axons, which had navigated back to their intermediate target. Such a tract is unlikely to contain neural crest-derived neurons because r5 gives rise to few neural crest cells (Lumsden et al., 1991) .
Nevertheless, to confirm that this ectopic fascicle was a motor rather than a sensory pathway we also grafted r5 basal plate alone in place of r3 (n ϭ 8; Fig. 1 E) , thus eliminating possible contamination by neural crest cells. These chimeras showed the same ectopic nerve bundle directed from the r2 trigeminal nerve exit point to the geniculate ganglion in 9 of 14 cases, and data from both types of operation were subsequently pooled because the findings were identical (Figs. 5H, 6A ,B, Table 1 ). Ectopic r5-derived motor axons also followed a second axon pathway, which turned caudally within the neuroepithelium, exited the hindbrain via the r4 facial exit point, and projected via the facial nerve to the geniculate ganglion (n ϭ 9 of 14). Thus, r5-derived motor neurons were able to project back to their intermediate target either via the inappropriate (r2) exit point or by projecting aberrantly in a caudal direction toward the appropriate (r4) exit point. Overall, motor axons from r5 projected along novel pathways to the facial nerve or geniculate ganglion in 93% of cases.
Projections along the distal, motor pathways of the facial and trigeminal nerves were also assessed; QN-positive projections were observed in the palatine (n ϭ 11 of 14) and hyoid (n ϭ 7 of 14) divisions of the facial nerve and along the mandibular branch of the trigeminal nerve (n ϭ 4 of 14) . A ventrally projecting abducens nerve was observed in all (14 of 14) chimeras, supporting the view that r5 identity is not altered when it is transposed rostrally, because SM abducens neurons are generated within it. The broad conclusion of this experiment is therefore that many ectopic VM axons were able to pathfind to their eventual target, by following novel pathways incorporating one or both of their bona fide intermediate targets, the r4 exit point and/or the geniculate ganglion.
After transposition of r3 to r5 position, in 100% of cases quail BM neurons extended their axons rostrally, exited the hindbrain via r4, and grew along the hyoid pathway to the second branchial arch (n ϭ 9; Figs. 1 F, 6C,D, Table 1 ). No quail-derived neural crest cells were identified in the periphery in these transplants, in accordance with observations that r3 is neural crest-depleted (Lumsden et al., 1991) . In addition, we transposed r2 to r4 (Fig. 1G) to determine whether r2 trigeminal motor neurons would show the same lack of specificity in axon pathfinding as those in r3. Only the basal plate of r2 was transplanted, because previous studies have shown that r2 produces many neural crest cells, which might confer on the second branchial arch first branchial arch identity, and thus confound analysis of axon pathways (Noden, 1983; Lumsden et al., 1991) . The results of r2 to r4 transposition experiments showed that motor neurons in the transposed rhombomere extended axons along the hyoid pathway to the second branchial arch in all cases (n ϭ 5; Fig. 6 E-G, Table 1 ), forming a nerve that was morphologically indistinguishable from the normal hyoid projection (compare Figs. 3A and 6 F) . These results are closely similar to those derived from r3 to r5 transpositions. Thus, ectopic trigeminal motor neurons of r2 or r3 origin are capable of extending axons along incorrect, facial nerve pathways to the second branchial arch and do not reroute to their correct, first branchial arch targets. These results contrast with those of r5 transpositions, in which r5-derived neurons were able to navigate back to their targets (for comparison, see Fig. 5E -J ).
DISCUSSION
Our study has revealed that facial branchiomotor and visceral motor neurons have different segmental origins in the chick embryo hindbrain. Visceral motor neurons are generated exclusively in rhombomere 5, whereas the majority of branchiomotor neurons originate in rhombomere 4. This early segmental ground plan is modified by the migration of a cohort of BM neurons from r4 into r5 and the generation of a smaller population of BM neurons within r5. When transplanted rostrally, r5 facial VM neurons displayed to the geniculate ganglion. In B, QNϩ axons also exit the hindbrain via the exit point in r4 and project to the geniculate ganglion in the facial nerve ( f). A palatine nerve is recognizable in both cases and has bifurcated in B to supply both the sphenopalatine and ethmoidal ganglia (data not shown). Two other motor pathways additionally present in B are a hyoid nerve and mandibular projection (arrowhead), which is at the limit of detectability. In B, the connection of the ectopic bundle and facial nerve to the hindbrain was sev- the ability to pathfind back to their correct targets. By contrast, r2 and r3 trigeminal BM neurons transplanted caudally did not pathfind back to the first branchial arch, but grew into the second branchial arch, an incorrect target region. Our findings thus suggest that facial motor axons are capable of rerouting to their targets, whereas trigeminal motor axons are not, consistent with previous experiments showing that ectopic r4 facial BM neurons could navigate back to the second branchial arch (Bell et al., 1999) .
Time course of the development of facial motor neurons in the chick
The sequence of motor neuron development in r4 and r5 can be inferred from the expression of markers, axonal tracing, and grafting experiments, derived from this and previous studies. Postmitotic facial motor neurons are first recognized in r4 and r5 by Islet-1 and SC1 expression at stage 14 -15 (Simon et al., 1994; VarelaEchavarría et al., 1996) . At stage 16, axons of r4 vestibuloacoustic neurons exit the hindbrain (Simon and Lumsden, 1993) , followed at stage 19 -20 by those of BM and VM neurons in r4 and r5 (Simon and Lumsden, 1993; Simon et al., 1994) . The first hyoid-projecting axons have reached the second branchial arch by stage 21-22, based on anterograde and retrograde axon tracing.
Based on axon tracing, r5 BM axons have reached the branchial arch by stage 23, even though the results of orthotopic r5 transplantation experiments show that projections from r5 BM neurons cannot be detected in the hyoid nerve until stage 25. Taken together, these results imply that the projections formed by BM neurons resident in r5 at stage 23 must originate from r4-derived BM neurons that have migrated caudally into r5. At approximately stage 25, BM neurons born in r5 then send projections to the branchial arch, and r5 VM neurons project into the palatine nerve. By stage 27, the cell bodies of BM and VM neurons have migrated laterally, and VM axons have reached their target parasympathetic ganglia (Fig. 5A-D) .
Subpopulations of BM neurons in r5
We have demonstrated that, in addition to VM neurons, r5 contains two distinct subpopulations of BM neurons, one group that migrates caudally from r4, and a second that is intrinsic to r5. The caudal migration of a subset of facial BM neurons in the chick hindbrain appears highly directed, as in the rodent (Auclair et al., 1996; McKay et al., 1997) . In the mouse and rat, however, facial BM neurons migrate as far as r6, and their characteristic migration route close to the midline forms a loop round the abducens nucleus, giving rise to the genu of the facial nerve. By contrast, in the chick, BM neurons migrate only as far as r5, and their position remains more lateral, so that their migration path does not form a genu.
Two types of evidence support the existence of a subpopulation of BM neurons that is born in r5. First, retrograde axon tracing of the hyoid (BM) nerve in chimeras with an r4 orthotopic graft labels BM neurons that have originated in r5, in addition to those that migrate from r4. Second, in the great majority of embryos with an r5 orthotopic graft, dual palatine (VM) and hyoid (BM) pathways are detected. The latter pathway was observed less frequently, contained fewer axons, and sometimes could not be traced all the way to the second branchial arch. One explanation for this finding is that the later development of r5 BM neurons relative to r4 BM neurons could deprive them of limiting amounts of trophic support from the branchial arch (Oppenheim et al., 1988) , leading to programmed cell death (Hamburger, 1975) . A small population of r5-derived neurons that forms part of the facial motor nucleus has previously been reported in a fate-mapping study of hindbrain nuclei using the quail-chick chimera system, but axon projections were not assessed (Marin and Puelles, 1995) Axon pathfinding of motor neurons after heterotopic grafts When r5 was transplanted ectopically, we found that in the majority of cases, motor axons were able to reroute back to their intermediate target, the geniculate ganglion, and formed a palatine nerve en route to the sphenopalatine ganglion. In some cases axons formed an ectopic fascicle extending longitudinally from r2 exit point to the geniculate ganglion. This feature is reminiscent of the longitudinal fascicle observed after transplantation of r4 to r2 position, which resulted from the projection of r4 facial motor axons back to the second branchial arch (Bell et al., 1999) . Therefore, axonal rerouting toward the appropriate target appears to be a characteristic of facial motor neurons in r4 and r5. The ability of r5 motor axons to deviate from the r2 exit point toward the geniculate ganglion suggests that guidance cues may emanate from this structure. Ganglionic intermediate targets have previously been suggested to provide guidance cues for cranial motor axons, because the latter exhibited increased outgrowth and chemoattraction when cocultured in the presence of trigeminal ganglia (Tucker et al., 1996; Caton et al., 2000) . Other studies have also shown that when an impermeable filter blocked the growth of trigeminal motor axons, many axons followed aberrant pathways around the barrier to reach the trigeminal ganglion (Moody and Heaton, 1983) .
The axon pathfinding of r5 VM neurons contrasts with the lack of pathfinding selectivity of heterotopic trigeminal motor axons, which projected to the inappropriate ganglion and branchial arch. This behavior is unlikely to be explained by a change in the phenotype of the transposed segment, because previous studies using molecular markers have shown that neither rostral nor caudal transposition within the pre-otic region is associated with the respecification of rhombomere identity Graham and Lumsden, 1996) . A lack of specificity of early trigeminal projections was also shown in r3 reversal experiments, which resulted in the projection of a large contingent of trigeminal motor neurons via the r4 exit point to the second branchial arch, although these projections were eliminated later in development (Warrilow and Guthrie, 1999) .
Guidance cues for BM and VM axon pathfinding in the head
The normal topographic projection of motor neurons to the branchial arches may depend on the corresponding expression on motor axons and peripheral mesenchyme of molecules whose expression is governed by the same repertoire of Hox genes (Lumsden and Keynes, 1989; Hunt et al., 1991) . For example, Hoxb1 is expressed within BM neurons of rhombomere 4 and within the mesenchyme of the second branchial arch, but not at more rostral axial levels. A role for Hoxb1 in axon guidance has been shown in experiments in which Hoxb1 was ectopically expressed in both r2 motor neurons and the first branchial arch mesenchyme, leading to innervation by ectopic Hoxb-1-expressing motor axons of this territory (Bell et al., 1999) . Corresponding experiments showed that when Hoxb1 was expressed in r2 but not in the periphery, Hoxb1-expressing neurons rerouted their axons to the Hoxb1-expressing environment of the second branchial arch (Bell et al., 1999) . Our study extends the notion that motor axons innervate regions populated by neural crest cells from the same axial level to include r5 VM neurons, because the sphenopalatine and ethmoidal ganglia are derived from neural crest cells at r4 and r5 levels (D' AmicoMartel and Norden, 1983) .
The guidance molecules that ensure selective pathfinding of VM and BM neurons at individual axial levels remain largely unidentified. The branchial arches have been shown to exert a growthpromoting and chemoattractive influence on cranial motor axons, mediated partly by the production of hepatocyte growth factor (HGF) (Caton et al., 2000) . Motor neurons from various axial levels display similar responses to branchial arch explants, and to HGF, implying that arch-derived factors are general rather than axial level-specific cues (Caton et al., 2000) . However, because VM neurons do not innervate the branchial arches, they might be less responsive to branchial arch-derived cues, a possibility that we could not examine because of the lack of VM markers. VM neurons might gain guidance information from their intermediate and final target ganglia, as shown by the rerouting of VM axons to the geniculate and the sphenopalatine ganglion. This complements our recent studies on mouse embryos, in which the absence of the sphenopalatine ganglion target leads to a disruption of facial VM neuron pathfinding, implying that this structure is a source of guidance cues for VM axons (Jacob et al., 2000) . Thus, the generation of facial BM and VM pathways might involve a common pathway to the geniculate ganglion, followed by selective responses of BM and VM neurons to the branchial arch and the sphenopalatine ganglion, respectively.
